Intratumoral heterogeneity of human epidermal growth factor receptor 2 (HER2) gene amplification has been reported to occur with variable frequencies in breast cancers. However, there have been few studies of its clinicopathological significance. We used tissue microarrays to evaluate two aspects of intratumoral heterogeneity of HER2 gene amplification: regional heterogeneity and genetic heterogeneity. We examined 96 invasive breast cancers in which HER2 amplification had been diagnosed in whole sections, and determined the clincopathological characteristics of those tumors. HER2 regional heterogeneity, defined as the existence of amplification/negative or amplification/equivocal patterns in different tissue microarray cores of a tumor, was present in 17 (18%) of the 96 cases. HER2 genetic heterogeneity, defined as the presence of tumor cells with a HER2/chromosome enumeration probe 17 ratio higher than 2.2 in 5-50% of the tumor cells, was found in 11 cases (11%), all of which showed HER2 regional heterogeneity. The cases with intratumoral heterogeneity of HER2 gene amplification were characterized by low grade or equivocal HER2 amplification and equivocal (2 þ ) HER2 expression in whole sections. The patients with intratumoral heterogeneity of HER2 gene amplification had significantly shorter disease-free survival times than those with homogeneous HER2 gene amplification, and this effect was also evident in subgroup analysis by hormone receptor status. In multivariate analysis, intratumoral HER2 heterogeneity retained its status as an independent prognostic factor for disease-free survival. In conclusion, intratumoral heterogeneity of HER2 gene amplification is present in a subset of HER2-amplified breast cancers, especially in cases with low-grade HER2 amplification and equivocal HER2 expression, indicating a need for HER2 testing on more representative, larger tumor samples for accurate assessment of HER2 status in such cases. The patients with this heterogeneity have decreased disease-free survival, suggesting that genetic instability, and hence aberrant HER2 amplification in subclones of such tumors, may be associated with breast cancer progression. Modern Pathology (2012) 25, 938-948;
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The HER2 (human epidermal growth factor receptor-2) gene, located at chromosome 17q12-21, is the gene most frequently amplified in breast cancer. Overexpression of HER2, usually attributable to HER2 gene amplification, has been identified in 15-20% of breast cancers and is associated with poor prognosis. [1] [2] [3] After the introduction of trastuzumab, a humanized monoclonal antibody against the extracellular portion of the HER2 protein, evaluation of HER2 status in breast cancer by immunohistochemistry and/or fluorescence in-situ hybridization (FISH) has been standard practice, in the metastatic setting and, more recently, in adjuvant and neoadjuvant settings, to identify the patients most likely to benefit from trastuzumab. [4] [5] [6] Therefore, accurate assessment of HER2 status is essential for clinical decision-making in the treatment of patients with breast cancer. The current guidelines proposed by the American Society of Clinical Oncology/College of American Pathologist (ASCO/CAP) in 2007 states that HER2 status should be initially assessed by immunohistochemistry, using a semiquantitative scoring system, and confirmed by FISH, in all immunohistochemical score 2 þ equivocal cases. 7 HER2 status has been thought to be fairly homogeneous within primary tumors and to remain constant during breast cancer progression. Many studies have shown a high level of concordance, although incomplete, between the HER2 status of a primary tumor and that of its metastases. [8] [9] [10] However, several studies have reported significant discordance. [11] [12] [13] [14] Some studies have suggested that HER2 gene amplification can be acquired during tumor progression and that this could be a cause of this discordance. 12, 13 Others have demonstrated primary intratumoral heterogeneity of both HER2 expression and HER2 gene amplification. 8, 13, 14 Intratumoral heterogeneity of HER2 gene amplification has been demonstrated in a subset of breast cancers. [15] [16] [17] [18] [19] [20] [21] [22] [23] However, as the previous studies targeted different sets of samples, the frequency of intratumoral HER2 heterogeneity was quite variable and was not comparable between the studies. Andersson et al 15 found HER2 heterogeneity within the invasive components of breast cancers in only 1 of 78 tumors. However, their tumors included only 13 cases with HER2 gene amplification. Glö ckner et al 17 examined the amplification status of growth regulatory genes including HER2, and found HER2 heterogeneity in 36% of the amplified cases. The high frequency of heterogeneity in their study might be related to their use of laser-assisted microdissection and quantitative polymerase chain reaction rather than FISH. Shin et al 23 demonstrated intratumoral heterogeneity for HER2 gene amplification in 5 (16%) of 31 invasive ductal carcinomas with grade 3 architecture, using tissue microarrays, which are an efficient approach for studying intratumoral heterogeneity. Brunelli et al 16 also used tissue microarrays and reported that intratumoral HER2 heterogeneity was present in 4 (13%) of 30 breast cancers with HER2 amplification and 3 þ immunoexpression.
Intratumoral heterogeneity of HER2 gene amplification may have clinical implications, as it may contribute to inaccurate assessment of HER2 status and may affect treatment responses to HER2-targeted therapy including trastuzumab, as a result of selection of subclones lacking HER2 gene amplification. 24 However, studies of the heterogeneity of HER2 gene amplification in primary tumors have been mostly confined to small samples, and its clinical significance has been rarely determined. Recently, the CAP addressed this issue and published a separate recommendation. 19 They defined HER2 genetic heterogeneity as the presence of tumor cells with HER2/chromosome enumeration probe (CEP) 17 signal ratios 42.2 in 5-50% of the tumor cells tested. However, there have been no studies using this definition to evaluate intratumoral heterogeneity of HER2 gene amplification, except a recent study by Bartlett et al. 25 In the present study, we compared HER2 amplification status in three cores of tissue microarrays chosen from different areas of each tumor in 96 invasive breast cancers that were considered to have HER2 gene amplification in whole sections, using the ASCO/CAP criteria for HER2 amplification 7 and the CAP definition for HER2 genetic heterogeneity. 19 In addition, we determined the clincopathological characteristics of tumors with intratumoral heterogeneity of HER2 gene amplification.
Materials and methods

Patients and Tissue Samples
We retrospectively searched the FISH data for surgically resected primary invasive breast cancers in the files of the Department of Pathology, Seoul National University Bundang Hospital from 2003 to 2009. After excluding cases with initial metastases, we selected 96 invasive breast cancers with HER2 gene amplification in whole tissue sections. About 20-40 cells were randomly evaluated to get HER2/ CEP17 ratio in the whole section. They comprised 3 cases with 'equivocal' amplification (HER2/CEP17 ratio 1.8-2.2), 36 with low-grade amplification (ratio 42.2-o4.0) and 57 with high-grade amplification (ratioZ4.0). Of the 96 cases, 69 had 3 þ HER2 immunohistochemical scores, 26 had 2 þ scores and one scored 1 þ . Baseline characteristics of the patients are summarized in Table 1 . Hematoxylin and eosin-stained slides were reviewed for every case, and the following histopathological variables were determined: histological subtype, T stage, nodal status, Nottingham combined histological grade, venous invasion, lymphatic invasion, tumor border and presence or absence of ductal carcinoma in situ component. Expression of standard biomarkers including estrogen receptor, progesterone receptor, HER2, p53 and Ki-67 were recorded in the following ways. Expression of HER2 was scored according to the ASCO/CAP guidelines: 7 0, no staining; 1 þ , weak and incomplete membranous staining in Z10% of the tumor cells; 2 þ , weak-to-moderate, complete membranous staining in Z10% of the tumor cells and 3 þ , strong, complete membranous staining in Z30% of the tumor cells. Estrogen and progesterone receptors were regarded as positive if there were at least 1% positive tumor nuclei. 26 For p53, cases with 10% or more positive staining were grouped as positive. For Ki-67 proliferation index, cases with Z20% positive tumor cells were regarded as having a high proliferation index. All cases were independently reviewed by two breast pathologists (SYP and HS). The study was approved by the institutional review board of Seoul National University Bundang Hospital, waiving the requirement for informed consent.
Tissue Microarray Construction
We used tissue microarrays to evaluate whether there were regional differences in HER2 gene amplification. All slides including slides immunohistochemically stained for standard biomarkers were reviewed, and the most representative tumor section was selected for each case. If the tumor showed regional differences in HER2 immunoexpression, differentially stained areas were selected. Three representative core tissue sections (2 mm in diameter) were taken from different areas of the invasive tumors and arranged in new tissue microarray blocks using a trephine apparatus (Superbiochips Laboratories, Seoul, Korea). Thus, three cores were included in the tissue microarray block for each case and analyzed separately.
FISH Assays for HER2 Gene Amplification
Fluorescence in-situ hybridization was performed using the PathVysion assay (Abbott Molecular, Downers Grove, IL), as previously described. 27 Briefly, 4 mm deparaffinized tissue microarray sections were incubated in pretreatment solution (Abbott Molecular) at 801C for 30 min, then in protease solution (Abbott Molecular) for 20 min at 371C. Co-denaturation of the probe and the DNA in the tissue sections was achieved by incubation at 731C for 5 min using a HYBrite (Abbott Molecular), and this was followed by 16-h hybridization at 371C. Post-hybridization washes were performed according to the protocol supplied. Slides were then counterstained with 4 0 ,6-diamidino-2-phenylindole in an antifade solution, and viewed with a fluorescence microscope.
A total of 50 cells were evaluated for each core and the genetic variables were reported as: HER2 gene copy number, chromosome 17 copy number and average HER2 gene-to-chromosome 17 ratio. HER2 gene amplification was determined on the basis of the overall ratio defined by the ASCO/CAP criteria. 7 The HER2 gene was considered to be amplified if the ratio of HER2 to CEP17 signals was 42.2. A ratio of Z4.0 was defined as high-grade amplification; a ratio 42.2 and o4.0 as low level amplification. Cases showing a ratio of Z1.8 and r2.2 were considered to be equivocal for amplification. The cut-off values for chromosome 17 copy number changes were adopted from Ma et al 28 Intratumoral heterogeneity of HER2 gene amplification was evaluated by two different methods. First, if three cores from a case gave discordant results for HER2 gene amplification, that is, if a case had an amplification/negative or amplification/equivocal pattern in the different cores, the case was considered to have HER2 regional heterogeneity. Second, HER2 genetic heterogeneity was defined, according to the CAP guidelines, 19 as the existence of tumor cells with a HER2/CEP17 ratio 42.2 in 5-50% of all the tumor cells in the three cores.
Statistical Analysis
The statistical significance of the data was assessed using Statistical Package, SPSS version 15.0 for Windows (SPSS, Chicago, IL). The associations of HER2 intratumoral heterogeneity with clinicopathological characteristics of the tumors were analyzed using Fisher's exact test or the w 2 test, depending on the test conditions. Survival curves were estimated using the Kaplan-Meier product-limit method, and the significance of differences between survival curves was determined using the log-rank test.
Covariates that were statistically significant in the univariate analysis were then included in the multivariate analysis using Cox proportional hazards regression model, and the hazard ratio and its 95% confidence interval were assessed for each factor. P values o0.05 were considered statistically significant. All P values reported are two-sided. 
Results
Frequency of Intratumoral Heterogeneity of HER2 Gene Amplification
We determined the HER2/CEP17 ratio in the three cores of each of the 96 invasive breast cancers (Table 2) . Of the 57 cases that were seen to have high-grade amplification in the whole sections, 44 cases were scored as high-grade amplification, 3 were scored as low-grade amplification, 8 were scored as high-/low-grade amplification and the remaining two cases were scored as high-grade amplification/ negative for amplification in the three tissue microarray cores. Of the 36 cases with low-grade amplification in the whole sections, 20 were scored as low-grade amplification, 3 were scored as high-/low-grade amplification, another 3 cases were scored as high-grade amplification/negative for amplification, 6 were scored as low-grade amplification/ equivocal for amplification and the remaining 4 were scored as low-grade amplification/negative for amplification. Three cases that were equivocal in the whole sections were scored as low-grade amplification in all three cores in one case and low-grade amplification/equivocal for amplification in the other two cases. If cases scored as amplification/ negative or equivocal for amplification were considered to have HER2 regional heterogeneity, 17 (18%) of the 96 cases had HER2 regional heterogeneity: 5 of these were high-grade amplification/ negative for amplification, 8 low-grade amplification/equivocal for amplification and 4 low-grade amplification/negative for amplification (Table 3 ; Figures 1 and 2 ). We also compared HER2 protein expression with FISH results in each case. A total of 84 cases yielded the same immunohistochemical findings for HER2 in all three cores; 69 were 3 þ , 14 were 2 þ and one was 1 þ . HER2 expression differed in the three cores in 12 cases; the cores These two cases were also scored as equivocal for HER2 amplification in a core.
Heterogeneity of HER2 gene amplification
H Seol et al were 3 þ or 2 þ in 5 cases, 3 þ /2 þ /1 þ in 3 cases, 2 þ or 1 þ in 2 cases and 2 þ or 0 in the remaining cases. Of the 12 cases in which the HER2 immunohistochemical scores in the three cores differed, 8 were among the 17 cases with HER2 regional heterogeneity and the remaining 4 did not show HER2 regional heterogeneity (Po0.001).
We counted 50 nuclei per core; so a total of 150 nuclei were evaluated for each case. When HER2 genetic heterogeneity was defined as the existence of tumor cells with a HER2/CEP17 ratio 42.2 in 5-50% of all tumor cells (8-75 tumor cells in our cases), according to the CAP guidelines, 11 cases (11%) were found to have HER2 genetic heterogeneity, Figure 1 Box plots depicting HER2/CEP17 ratios of three representative examples of breast cancers in the three tissue microarray cores. The box shows the 25th-75th percentile, the horizontal line inside the box represents the median, the whiskers extend to the 10th and 90th percentiles, and the outlying circles are individual data points outside the 10th and 90th percentiles. Heterogeneity of HER2 gene amplification all of which were among the 17 cases with HER2 regional heterogeneity (Table 3) . In contrast to HER2 regional heterogeneity, HER2 genetic heterogeneity was not associated with heterogeneity of HER2 protein expression in the cores.
Association of Intratumoral Heterogeneity of HER2 Gene Amplification with the Clinicopathological Characteristics of the Tumors
To characterize the cases with intratumoral heterogeneity of HER2 gene amplification, we analyzed the relationship between this heterogeneity and various clinicopathological parameters of the tumors (Table 4 ). HER2 regional heterogeneity was more frequently found in the cases with low grade or equivocal amplification in whole sections than in those with high-grade amplification (Po0.001). Moreover, it was more frequent in the cases with 2 þ or 1 þ HER2 immunohistochemical socres than in those with 3 þ (Po0.001). The cases with HER2 regional heterogeneity tended to be hormone receptorpositive (P ¼ 0.069). Other clinicopathological parameters including T stage, N stage, chromosome 17 polysomy, Ki-67 proliferation index and p53 status were not associated with HER2 regional heterogeneity.
HER2 genetic heterogeneity defined by the CAP guidelines was also more frequent in the cases with low grade or equivocal amplification than in those with high-grade amplification in whole sections (P ¼ 0.006). It was also more frequent in the cases with 2 þ or 1 þ HER2 immunoexpression (Po0.001). In addition, the cases with HER2 genetic heterogeneity tended to be hormone receptor-positive (P ¼ 0.059).
Intratumoral Heterogeneity of HER2 Gene Amplification as a Poor Prognostic Factor
We also investigated the prognostic effect of HER2 intratumoral heterogeneity in the patients with HER2-amplified breast cancer. At the time of the analysis, the median follow-up was 4 years (range, 1-7 years). There were four (4%) loco-regional recurrences and nine (9%) distant metastases as first events. In Kaplan-Meier survival analyses, the patients with HER2 genetic heterogeneity had shorter disease-free survival times than those without it (P ¼ 0.004; Figure 3a) . Similarly, the patients with HER2 regional heterogeneity had shorter disease-free survival times than the remaining patients (P ¼ 0.018; Figure 3b ). In addition to HER2 intratumoral heterogeneity, high T stage (T1-2 vs T3-4; Po0.001) and nodal metastasis (N0 vs N1-3; P ¼ 0.024) were associated with poor disease-free survival. The patients with hormone receptor-negative tumor tended to have shorter diseasefree survival (P ¼ 0.110). Other clinicopathological variables including adjuvant trastuzumab therapy, neoadjuvant/adjuvant chemotherapy, radiotherapy, histologic grade, Ki-67 proliferation index and p53 status were not associated with disease-free survival.
Subgroup analyses by hormone receptor status also revealed survival differences between the patients with HER2 genetic heterogeneity and those without it in both subgroups (P ¼ 0.012 for the hormone receptornegative group; P ¼ 0.010 for the hormone receptorpositive group; Figures 3c and e) . With regard to HER2 regional heterogeneity, the patients with heterogeneity had shorter disease-free survival times than the remaining patients in the hormone receptor-negative subgroup (P ¼ 0.034; Figure 3d ) and tended to have shorter disease-free survival times in the hormone receptor-positive subgroup (P ¼ 0.053; Figure 3f) .
In multivariate analysis including T stage, N stage and HER2 genetic heterogeneity, T stage (pT1-2 vs pT3-4; hazard ratio, 11.659; 95% confidence interval, 3.107-43.748; Po0.001) and HER2 genetic heterogeneity (hazard ratio, 6.160; 95% confidence interval, 1.740-21.806; P ¼ 0.005) were independent prognostic factors for disease-free survival. Again, in Table 4 Clinicopathological characteristics of tumors with intratumoral heterogeneity of HER2 gene amplification
Clinicopathological characteristics
HER2 regional heterogeneity P-value HER2 genetic heterogeneity P-value 
Discussion
Genetically unstable tumor clones continue to mutate at a rapid rate, 29 and thus intratumoral genetic heterogeneity may arise from random genetic alterations during clonal evolution, resulting in genetic subclones of cells within the primary tumor. Figure 3 Disease-free survivals according to HER2 genetic or HER2 regional heterogeneity. The cases with HER2 genetic heterogeneity (a) and HER2 regional heterogeneity (b) show significantly poorer disease-free survival than the other cases. These findings are consistently observed in the subgroup analyses by hormone receptor status (c-f). Abbreviation: HR, hormone receptor.
In a previous study, we showed that there is a high degree of genetic heterogeneity both within and between distinct breast cancer cell populations based on the expression of CD44 and CD24, thus highlighting the value of analyzing tumors as ecosystems. 30 Likewise, heterogeneity of HER2 expression and/or amplification exists in some HER2-positive breast cancers, as shown in this study. Supporting this, Szollosi et al. 31 demonstrated marked cell to cell heterogeneity in both HER2 protein expression and HER2 gene copy number in HER2-amplified breast cancer cell lines and primary breast cancer samples. However, there have been no previous studies addressing the clinical significance of intratumoral heterogeneity in HER2 gene amplification, except a recent study by Bartlett et al. 25 They evaluated HER2 genetic heterogeneity according to CAP guidelines in 6461 cases from two pathology laboratories and TEAM (Tamoxifen vs Exmestane Adjuvant Multicenter) pathology study, and reported that no prognostic impact was found when o30% of cells exhibited ratios of 42.2. As they included heterogeneous groups of patients and used FISH reports for the evaluation of heterogeneity, it is hard to compare their results with those of our study that included only HER2-amplified cases and evaluated three distinct areas in a tumor. However, interestingly, most of our cases with HER2 genetic heterogeneity have 30-50% of cells with HER2/CEP17 ratios 42.2.
In the present study, we showed that intratumoral heterogeneity of HER2 gene amplification is associated with short disease-free survival of the patients. It is not clear whether the cases with intratumoral heterogeneity of HER2 amplification arise from HER2 amplification in HER2-negative tumors or the loss of HER2 amplification in HER2-positive tumors. However, acquisition of HER2 amplification in genetically unstable HER2-negative tumors is more likely. In particular, hormone receptor negative tumors with intratumoral heterogeneity of HER2 amplification are probably genetically unstable triple negative tumors in which subclones amplified HER2 during tumor progression. Intratumoral genetic heterogeneity may indicate tumor evolution, adaptation to environmental stress and differential response to treatment. Also, intratumoral genetic heterogeneity is commonly caused by chromosomal instability, cell-cell variation in chromosome structure or number across a tumor population, which is associated with poor prognosis in solid tumors, including breast cancer. 32, 33 Therefore, intratumoral HER2 heterogeneity may be associated with poor prognosis of the patients.
Intratumoral heterogeneity of HER2 gene amplification has been connected with breast cancers with low-grade HER2 amplification or equivocal (2 þ ) HER2 expression in previous studies. 16, 21, 22 Our results confirmed these findings. The frequency of HER2 regional heterogeneity or HER2 genetic heterogeneity was significantly higher in the cases with low grade or equivocal amplification in whole sections than in those with high-grade amplification. Moreover, HER2 regional heterogeneity or HER2 genetic heterogeneity was also more frequent in the cases with 2 þ or 1 þ HER2 immunohistochemical scores than in those with 3 þ scores. We found that HER2 expression in the three tissue microarray cores was more heterogeneous in the cases with 2 þ or 1 þ HER2 expression in the whole sections than in those with strong 3 þ HER2 expression (33 vs 4%; Po0.001, data not shown). In accord with our findings, Lewis et al 21 showed that HER2 staining heterogeneity on a slide, or in different blocks of a tumor, was a frequent feature of HER2 2 þ equivocal cases. We also found that heterogeneous HER2 protein expression was associated with regional heterogeneity of HER2 gene amplification. We believe that the variability of HER2 protein expression within a tumor is not simply a technical problem attributable to poor fixation, inadequate antigen retrieval or suboptimal immunohistochemical procedure, but represents real biological heterogeneity. We suggest that when a tumor displays heterogenous HER2 immunoreactivity, one should include differently stained areas in the FISH analysis to compare the immunohistochemical data with FISH results. The CAP recommended that HER2 FISH should be scanned on entire tumor slides, and that at least two (and up to four) representative fields of the invasive carcinoma should be analyzed to determine whether HER2 genetic heterogeneity is present. 19 It has been suggested that intratumoral genetic heterogeneity underlies therapeutic resistance. 34, 35 However, the implications of intratumoral heterogeneity of HER2 gene amplification for therapeutic resistance to HER2-targeted therapy has been little studied. It has been reported that patients with HER2 protein 2 þ metastatic breast cancer do not respond to single agent trastuzumab therapy. 5 Moreover, it was shown in a neoadjuvant setting that the level of HER2 amplification assessed by FISH was positively correlated with the rate of pathological response to trastuzumab-based neoadjuvant therapy. 36 Intratumoral HER2 heterogeneity has generally been reported in breast cancers with low grade or equivocal HER2 amplification or protein expression, as shown in this study. Thus, it is possible that intraumoral HER2 heterogeneity has a role in the therapeutic resistance to trastuzumab in breast cancer patients with low grade or equivocal HER2 gene amplification by selecting subclones lacking HER2 gene amplification. Further studies will be needed to address the clinical relevance of intratumoral HER2 heterogeneity for therapeutic resistance to HER2-targeted therapy including trastuzumab.
Regional heterogeneity of HER2 gene amplification, which was present in 17 (18%) of the 96 cases we studied, raises a question concerning the accuracy of HER status evaluated by core biopsy. HER2 status is usually determined on resected specimens, which allow identification of intratumoral heterogeneity of HER2 gene amplification and HER2 protein expression. However, with the increasing use of neoadjuvant chemotherapy and inclusion of trastuzumab as a part of neoadjuvant chemotherapy regimens for patients with HER2-positive breast cancer, 6 HER2 status is now more often determined on core biopsy specimens. D'Alfonso et al 37 reported that the concordance between HER2 amplification status determined by FISH on core biopsies and on subsequent excision specimens of the same tumor was excellent (86% for all cases; 95% when equivocal FISH cases were excluded), and they suggested that intratumoral heterogeneity of HER2 assessed by FISH is not a significant confounding factor when analyzing core biopsy specimens. However, their study included only 21 HER2 FISH-positive or equivocal cases among the 100 cases examined. When analyzing only 21 HER2 FISH-positive or equivocal cases on excision specimen in their study, 7 cases (33%) are revealed to be HER2 FISH-negative on core biopsy. Thus, intratumoral heterogeneity of HER2 gene amplification may contribute to inaccurate assessment of HER2 status on small biopsy samples. Striebel et al 22 supported this idea by showing that the HER2 status of 10 (59%) of 17 breast cancers with equivocal HER2 amplification on core biopsy changed in the resection specimens, and they stressed the heterogeneity of gene amplification and protein expression in breast cancers with low HER2 gene copy numbers. Recently, Wu et al 38 reported a case of intratumoral heterogeneity of HER2 gene amplification, which showed HER2 gene amplification on core biopsy but not in metastases. In that case, only focal HER2 amplification was found in the primary tumor. Thus, the cases with low grade or equivocal for HER2 amplification and those with 2 þ HER2 expression on breast core biopsy may need to be confirmed on subsequent resection specimens, not to lose the chance to be eligible for HER2-targeted therapy.
In conclusion, HER2 regional heterogeneity and HER2 genetic heterogeneity defined by the CAP guidelines was present in 18 and 11% of invasive breast cancers in our study. The cases with intratumoral HER2 heterogeneity were characterized by low grade or equivocal HER2 amplification and equivocal HER2 expression. Our findings emphasize the need for HER2 testing on more representative and larger tumor samples in such cases for accurate assessment of HER2 status. More importantly, our study shows, for the first time, the patients with heterogeneous HER2 amplification have significantly shorter disease-free survival times than patients with homogeneous HER2 gene amplification, suggesting that intratumoral heterogeneity of HER2 gene amplification may be associated with breast cancer progression. The impact of intratumoral heterogeneity of HER2 gene amplification on the treatment outcomes of HER2-targeted therapy requires further investigation.
